the east-west precipitation gradient and latitude in the US Great Plains.
Methods
Average annual precipitation data were obtained for pairs of locations at 15 different mean latitudes (Table 1) from US Climate Data (2017), with one location on the west side of the Great Plains (approximately 103.6° W long.) and the other on the east side of the Great Plains (approximately 95.6° W long.). The distances between paired locations at a given latitude were obtained from www.distancefromto.net. The precipitation gradient (kilometer for a millimeter change in precipitation) for each of the 15 latitudinal pairs was calculated as the distance between paired locations divided by the precipitation difference between the paired locations. The 15 precipitation gradients were plotted against mean latitude (www.findlatitudeandlongitude.com), and several equations were fit to the data points using the curve fitting facility of SigmaPlot (Systat Software, Inc.).
Results
The precipitation change with distance was found to be fairly constant at latitudes below 38° N lat. (Table 2, Fig. 2) , with precipitation changing rapidly with east-west distance (about 1 mm every 0.85 km or 1 in every 13.4 mi). Along the Topeka, KS, to Hugo, CO, transect (36.08° N lat.), precipitation changed 1 mm every 1.28 km (1 in every 20.2 mi). Along the Omaha, NE, to Cheyenne, WY, transect (41.20° N lat.), precipitation changed 1 mm every 1.99 km (1 in every 31.4 mi). At the northernmost transect (Grafton to Grenora, ND, 48.52° N lat.), the precipitation changed 1 mm every 3.87 km (1 in every 61.1 mi). The data points of precipitation gradient versus latitude (Fig. 2) clearly exhibit a curvilinear form, with very little change in the precipitation gradient at latitudes south of 38° N lat. The distance required to obtain a set change in precipitation increased at a nearly constant rate with increasing latitude at latitudes north of 38° N lat. The curvilinear nature of the relationship between precipitation gradient and latitude was not adequately represented by a linear equation form (R 2 = 0.861; Table  2 , Fig. 2 ). Four of the five other equation forms (polynomial, exponential, two-stage linear) shown in Table 2 and Fig. 2 fit the data well (R 2 > 0.950) and could be used adequately for predictive and demonstration purposes. The exception was the exponential, single one-parameter form (R 2 = 0.869), which overestimated the precipitation gradient at latitudes below 41° N lat. and underestimated the precipitation gradient at latitudes above 45° N lat.
Discussion
The rate at which precipitation changes in an east-west direction at a given latitude is easily and adequately quantified by either quadratic or cubic polynomial relationships; two-or three-parameter exponential relationships; or by a two-stage linear relationship using latitude as the independent variable. We implemented the quadratic polynomial relationship into a simple Excel spreadsheet calculator (see Supplemental Material online; the calculator is also available at https://www.researchgate.net/publication/320880003_ Precipitation_Gradient_Calculator) to use as a decision support tool. The support tool predicted a precipitation gradient of 1.55 km for 1 mm change in annual precipitation (24.5 mi for 1 in change) at 40.8° N lat. (the mean latitude between Lincoln and Scottsbluff, NE). This is essentially the same value as given by Martin (2012) for the precipitation gradient across Nebraska. However, using this single value to characterize the precipitation gradient across all of Nebraska would be inadequate because of the rapid change in the precipitation gradient with latitude. For southern Nebraska (Stratton to Falls City, average latitude of 40.11° N), the precipitation gradient is 1.44 km mm −1 (22.7 mi in −1 ), whereas in northern Nebraska (Chadron to Hartington, average latitude of 42.72° N) the precipitation gradient is 2.03 km mm −1 (32.1 mi in −1 ).
As an example of how this decision support tool could be useful, consider the case of a farmer from Curtis, NE, who has been to a meeting in Hastings, NE, where a presentation was made regarding the potential benefits of implementing cover crops in a cropping system based on data collected at Hastings. The farmer does not know the annual precipitation in either Curtis or Hastings. However, the farmer knows the latitude of the two locations is 40.6° N and knows the distance between the locations is 180 km (112 mi). Using the calculator, the farmer quickly determines that the precipitation gradient at this latitude is 1.57 km mm −1 (24.8 mi in −1 ). Because Curtis is 180 km west of Hastings, the farmer will have an annual precipitation of 115 mm (4.51 in) less than received in Hastings. This relatively large reduction in annual precipitation between locations could cause the farmer to approach the use of cover crops with some caution because of the likely greater impact of cover crop water usage on subsequent crop yield at Curtis than in Hastings.
On the other hand, consider a farmer from Belfield, ND, attending a cover crop meeting in Bismarck, ND, in which data was presented that had been collected in Bismarck. The farmer inputs 46.8° N lat. into the calculator and discovers that the annual precipitation gradient at this latitude is 3.37 km mm −1 (53.3 mi in −1 ). Because Belfield is 184 km (114 mi) west of Bismarck, the farmer will have an annual precipitation of only 55 mm (2.17 in) less than is received in Bismarck and may find the information being presented to be applicable to his or her climate and cropping system. Table 1 . Latitude, longitude, mean annual precipitation, distance between cities, and calculated precipitation gradient for locations used to determine Great Plains precipitation gradient. Two-stage linear, stage 1 (30.0-37.9°) PrecGrad = 0.0934 + 0.0217*LAT 0.101 Two-stage linear, stage 2 (37.9-49.0°) PrecGrad = -9.525 + 0.2743*LAT 0.977 † PrecGrad = precipitation gradient (km mm -1 ); LAT = latitude (decimal degrees N).
Mean latitude
As a third example, consider a farmer from Delhi, OK, attending a meeting in which cropping systems data from Blanchard, OK, was presented (35.2° N mean lat.). The distance between those two locations is 184 km (114 mi). Using the calculator, the farmer discovers that the precipitation gradient at this latitude is 0.84 km mm −1 (13.3 mi in −1 ). Consequently, the farmer figures the annual precipitation is 219 mm (8.62 in) less in Delhi than in Blanchard and cropping systems research results determined in Blanchard are not likely to be highly applicable to the climate encountered in Delhi.
There are other sources of average precipitation data than what was used in this study, including geolocated points that can be found on the NOAA website (https:// water.weather.gov/precip/). Several presentations are available that describe development of programming scripts to produce graphic visualizations of precipitation (and other climate) data over geographical regions and for various time periods (e.g., Nelson, 2017; UV-CDAT, 2017; Lin, 2011) . With development of the proper script, these tools can return values of average annual precipitation for locations across broad regions. They are also useful for evaluating trends in weather patterns, such as precipitation intensity, frequency, and timing.
The simple empirical quadratic relationship defined in this paper does not replace the data-rich analytical tools referenced above. Rather, it complements them by allowing a user to easily determine the rate of change in average annual precipitation along any line of latitude in the Great Plains. The related spreadsheet tool can help farmers understand how quickly or slowly average annual precipitation changes in various regions across the Great Plains and thereby provide some context for them as they assess applicability of research results that were derived in regions that may be wetter or drier than where their own operations are located. The numerical precipitation gradient values determined by the empirical relationship can give farmers a relatively precise number to use that is simply and quickly determined. With that knowledge, they can reduce the risk of incorporating cropping practices that may not benefit their operations and can increase the potential for implementing technologies that will improve productivity in the semiarid Great Plains environment where water is the most-limiting factor for crop production.
Conclusion
A consistent relationship was found between latitude and the east-west precipitation gradient in the US Great Plains. The value of the relationship and the associated spreadsheet tool in which the relationship was implemented lies in the capability to quickly assess the likely transferability of precipitation-dependent research results between locations at a given latitude. Application of the tool to locations in the southern, central, and northern Great Plains clearly identified adoption risks of precipitation-dependent cropping practices. 
